Background: Exposure to polycyclic aromatic hydrocarbons (PAHs) has been reported in several industries, including those of the aluminum production, coal gasification, coke production, iron and steel foundries, coal tar and related products, carbon black and carbon electrodes production.
introduction
Polycyclic aromatic hydrocarbons (PAHs) are a class of chemicals, characterized by the presence of two or more benzene rings, which derive mainly from the incomplete combustion of organic material. These include hundreds of compounds, among which the best known is benzo[a]pirene, often used as a marker of exposure to PAHs [1] .
High exposure to PAH mixtures have been reported, mainly in the past, in several industries and occupations, including aluminum production (mainly when the Södeberg process is used), coal gasification, coke production, iron and steel foundries, diesel engine exhaust, coal tar and related products, carbon black and carbon electrodes production and chimney sweeps.
The epidemiological evidence from workers occupationally exposed to PAHs in various industries and occupations has been reviewed by the International Agency for Research on Cancer (IARC), which classified some of these industries as carcinogenic to humans [2] [3] [4] [5] [6] [7] , mainly for an increased risk of lung, laryngeal, skin, kidney and urinary bladder cancer. This evidence has been also included in a comprehensive review by Boffetta et al. [8] .
This paper reviews the main results from cohort studies conducted on workers from PAH-related occupations, with emphasis on study results reported after the review by Boffetta et al. [8] . Particular attention is given to cancers of the respiratory and urinary tract, since these are the sites most consistently associated with PAH exposures. Skin cancer has not been considered, since ascertainment of incidence or mortality from this neoplasm is problematic. Exposure to diesel engine exhaust in the transport industry and related occupations, which has been related to some excess risk of lung and bladder cancer [8] [9] [10] , is also not included in the present review, in consideration of the heterogeneous and highly variable working conditions of these groups of workers and the consequent difficulty of obtaining reliable overall risk estimate.
We reviewed, in detail, cohort studies published between 1997 and 2005, while for cohort studies included in the review by Boffetta et al. [8] we summarized only the main 
patients and methods
The studies included in this quantitative review were original cohort investigations published up to December 2005 on workers from selected industries characterized by high exposure to PAHs, and providing information on the risk of lung, bladder and kidney cancers, or more in general of neoplasms of the respiratory and urinary tract. They were identified through searches of the MEDLINE database, using the keywords 'polycyclic aromatic hydrocarbons, neoplasm, risk, occupational exposure or cohort studies'. Papers were also searched among those quoted in the retrieved studies. A total of 62 papers were identified, including the results of 57 cohort studies, whose main characteristics and results are described in Tables 1-7 .
To provide a quantitative overall estimate of the standardized mortality ratios (SMR) or incidence ratios (SIR) for selected cancers in relation to various industries and occupations, the number of cancer deaths/cases observed, and the SMR/SIR were abstracted from each paper. The expected number of deaths/cases in each study was also abstracted or obtained from the ratio of observed deaths/cases over SMR/SIR, and the overall SMR for each neoplasm of interest was calculated as an unweighted ratio of the sum of observed and expected deaths/cases (Table 8) . Pooled relative risks (RR) and the corresponding 95% confidence intervals (CI) were also computed as a weighted average of the SMR/SIR, using the inverse of the variance of the logarithm of the SMR/SIR as weight (fixed-effects model [10] , Table 8 and Figures 1-7 ). Chi-square tests for heterogeneity were used to evaluate the consistency of findings between studies [11] . For some major industries, the results of the meta-analysis were presented graphically, plotting the SMR/SIR as a black square, whose size was inversely proportional to the variance of the logarithm of the SMR/SIR. For various studies, the 95% CI differed slightly from those published in the original papers because of rounding. For studies which presented results for different categories of workers within the same industry, a single pooled estimate was plotted. Similarly, a single pooled estimate combining studies with less than 10 cancer cases was plotted. Diamonds were used to plot the pooled RR for all studies; their centre represents the RR and their extremes the 95% CI. results aluminum production Table 1 gives information from 15 papers on nine cohorts of aluminum production workers [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Over the period 1997-2005, five papers were published from Norway [16] [17] [18] , France [23] and Italy [26] . The data from the three Norwegian studies [16] [17] [18] were then included in a subsequent re-analysis [19] . This re-analysis included the results of the cohorts of six aluminum plants from Norway, two of which started to operate before 1920, and the remaining from the period between 1947 and 1958. In total, that study included 11 103 men employed for more than 3 years, and followed-up for cancer incidence between 1953 and 1996. With reference to lung cancer, no excess risk was observed (189 observed cases versus 183.1 expected, corresponding to a SIR of 1.0; 95% CI 0.9-1.2), nor a trend with the cumulative dose of exposure to PAHs. For cancer of the bladder, 130 cases were observed versus 101.7 expected, corresponding to a SIR of 1.3 (95% CI 1.1-1.5). There was also a significant trend in bladder cancer risk in relation to the cumulative dose of PAHs, with a RR of 2 for exposures ‡2000 lg/m 3 for 30 or more years. Thus, this large reanalysis of all the Norwegian studies of aluminum production, including more than 1500 cancer cases and with a long period of follow-up, confirmed an excess risk for cancer of the bladder, but did not show any association for lung cancer.
A mortality study conducted by the French National Institute for the Research and Safety [23] updated the data on workers from one of the aluminum reduction plants considered in the paper by Mur et al. [17] . That study There was no excess lung cancer in any of the specific jobs where exposure to PAHs was more likely, nor trends with duration of exposure and time since first exposure. With reference to bladder cancer, the SMR was 1.8, on the basis of seven observed deaths (95% CI 0.7-3.6). Six deaths occurred in jobs with more probable exposure to PAH (SMR = 2.15, 95% CI 0.79-4.68). However, no increase in risk was observed for longer duration of exposure and time since first exposure. The Italian study [26] was a 10-year mortality update of a cohort of workers from a Prebake aluminum smelter [18] , which included 1152 men employed for at least 1 year in the foundry between 1972 and 1980, and followed-up until the end of 2001. No excess mortality was observed for cancer of the lung (11 observed deaths versus 15.8 expected, SMR = 0.7, 95% CI 0.4-1.3), nor of the bladder (three observed deaths versus 3.8 expected, SMR = 0.8, 95% CI 0.3-2.4). Furthermore, no difference in risk was observed when workers were classified in three groups with increasing level of exposure to PAHs.
In eight cohorts of aluminum production workers, 653 lung cancer cases were observed versus 644.9 expected, with a pooled RR of 1.03 (95% CI 0.95-1.11, Table 8 ). Considering all cancers of the respiratory system, mainly lung cancer, a total of 688 cases were observed compared with 674.1 expected, with a pooled RR of 1.03 (95% CI 0.96-1.11, Table 8 and Figure  1 ). For bladder cancer, the eight available studies included a total of 196 cases observed versus 155.7 expected, with a pooled RR of 1.29 (95% CI 1.12-1.49, Table 8 and Figure 2 ). With reference to kidney cancer, the cases observed in four studies were 86 versus 76.7 expected, with a pooled RR of 1.15 (Table 8) .
coal gasification
In the past, coal gasification implied high exposures to PAHs, as to other carcinogenic and toxic substances. Five cohort studies are available on exposures occurred in the past (before the 1970s) whose main results are summarized in Table 2 [27] [28] [29] [30] [31] . No study on workers employed in this manufacture was published after the review by Boffetta et al. [8] .
Overall, 188 deaths from lung cancer were reported in the five cohorts of coal gasification workers, compared with 87.7 expected, with a pooled RR of 2.29 (95% CI 1.98-2.64, Table 8 ). Considering all cancers of the respiratory system, 251 deaths were observed versus 104.7 expected (pooled RR = 2.58, 95% CI 2.28-2.92, Table 8 and Figure 3 ). All the estimates were significantly above unity, although a certain degree of heterogeneity was found. The number of deaths observed from cancer of the bladder in the two cohorts were 12 versus 5.0 expected, corresponding to a pooled RR of 2.39 (95% CI 1.36-4.21); 18 deaths from all cancers of the urinary system were recorded, versus 6.0 expected (pooled RR = 3.27, 95% CI 2.06-5.19, Table 8 ).
coke production
With reference to coke production, there are 10 cohorts of workers [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] (Table 3) , among which only a small Norwegian investigation [41] was published after the review by Boffetta et al. [8] . That study was based on a cohort of 888 workers of one coking plant that operated between 1964 and 1988, followed-up for incidence of cancer and other diseases until 1993. No excess was observed for cancer of the lung (seven observed cases versus 8.5 expected, SIR = 0.82) and of the bladder (two observed cases versus 2.4 expected, SIR = 0.82). However, an excess risk was observed in relation to the cumulative dose of PAHs (SIR = 3.60 for ‡150 lg/m 3 year of PAH in the overall cohort, and 4.82 for 15 years of latency). The result of this small study, with a short period of follow-up, should however be interpreted with caution. Overall, in 10 cohort studies 762 cases of lung cancer were observed, compared with 512.1 expected, with a pooled RR of 1.58 (95% CI 1.47-1.69, Table 8 and Figure 4) . A considerable heterogeneity of risk estimates across various studies was, however, observed, particularly between the four larger studies [20] [21] [22] [23] , which gave RRs of 2.0, 1.2, 1.1 and 2.6, respectively. Some studies reported some excess risk for other neoplasms, such as laryngeal, liver, prostate or kidney cancers, but overall data do not provide a consistent evidence of any excess of risk. Likewise, for cancer of the bladder, no evidence of an increased risk was observed in any of the studies.
iron and steel foundries
Iron and steel foundry workers are another important group of workers exposed to considerable levels of PAHs, mainly in the past. The main results of 10 cohort studies on these workers are shown in Table 4 [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . After the review by Boffetta et al. [8] , a mortality study of a cohort of 4288 men and 609 women from a French stainless and alloyed steel plant was published [51] . Workers were employed between the beginning of 1968 and the end of 1991, and were followed-up to the end of 1992. No excess mortality from lung cancer was reported in the overall cohort (SMR = 1.2, 95% CI 0.9-1.6, on the basis of 54 observed deaths). The SMR of bladder cancer was 1.7 (95% CI 0.8-3.2) on the basis of 10 observed deaths. In a case-control analysis of lung cancer nested in the cohort, a RR of 1.9 (95% CI 1.0-3.7) was reported for exposure to PAHs, with a significant trend with duration and cumulative dose of exposure [51] . Ten cohort studies available on workers in iron and steel foundries included a total of 975 lung cancer cases observed compared with 703.7 expected, with a pooled RR of 1.40 (95% CI 1.32-1.49, Table 8 ). Considering all respiratory neoplasms, there were 1004 observed cases versus 726.0 expected, with a pooled RR of 1.40 (95% CI 1.31-1.49, Table 8 and Figure 5) . Cancers of the bladder were 99 versus 83.0 expected based on seven studies, with a pooled RR of 1.29 (95% CI 1.06-1.57, Table 8 and Figure 6 ). A significant heterogeneity between studies was observed, mainly due to a small cohort, which reported a SMR of 9 [25] . For kidney cancer, 40 cases were observed versus 31.0 expected (pooled RR = 1.30, 95% CI 0.95-1.77, Table 8 ).
bitumen fumes, coal tar and related products
In relation to coal tar and related products, there were 11 cohorts of workers, three of tar distillation [54] [55] [56] , two of shale oil extraction [57, 58] , two of creosote [59, 60] , two of roofers [56, 61] and two of asphalt workers [62, 63] (Table 5 ). A mortality study of a cohort of 907 tar distillers and 899 roofers employed in a Dutch industry [56] was published after the review by Boffetta et al. [8] . Workers were employed for at least 6 months between 1947 and 1980, and were followed-up until the beginning of 1988. A non-significant excess mortality from lung cancer was reported for tar distillers, with a total of 48 observed deaths versus 40.6 expected, corresponding to a SMR of 1.2 (95% CI 0.9-1.6). For cancer of the bladder, the SMR was of 0.5 (95% CI 0.06-1.87), on the basis of two observed deaths versus 3.6 expected.
A retrospective cohort study of workers of creosote-based wood treatments [60] was published after the review by Boffetta et al. [8] . This included over 2000 individuals who were employed at 11 wood-treating plants in the USA between 1979 and 1999, followed-up for mortality up to 2001. A modest excess risk for lung cancer mortality was observed (SMR = 1.3, 95% CI 0.9-1.8, based on 38 deaths observed). The SMR for laryngeal cancer was 1.6 (95% CI 0.2-6.6), based on two deaths observed. No deaths from cancer of the bladder and other urinary organs were found, and three deaths were observed from kidney cancer (SMR = 1.9, 95% CI 0.4-5.5). Similar findings were found among hourly employees. Analyses by length of employment and latency among hourly employees showed no clear pattern for both respiratory tract and kidney cancers.
With reference to roofers, in the study by Swaen et al. [56] there were 39 deaths from lung cancer compared with 29.7 expected, corresponding to a non-significant SMR of 1.3 (95% CI 0.9-1.8). The SMR for bladder cancer was close to unity (SMR = 1.1, 95% CI 0.2-3.4), with three observed deaths versus 2.6 expected.
The results of a large cohort study on asphalt workers were recently published [63] . The study was conducted in seven European countries and Israel, and was coordinated by the IARC. It included a total of 79 822 workers, of whom 29 820 were asphalt workers exposed to bitumen fumes, 32 245 constructors not exposed to bitumen fumes, and 17 757 other workers not classifiable as bitumen workers. The workers had been employed for the first time in a variable period between 1913 and 1999. The mean duration of follow-up (which started at variable times in various countries) was 16.7 years, ranging from 11.7 years in France and Germany to 21.9 years in Norway. Overall, in the asphalt workers there were 795 lung cancer deaths observed versus 742.4 expected, corresponding to a SMR of 1.1 (95% CI 1.0-1.2). The SMR for cancer of the lung was higher in the asphalt workers exposed to bitumen (SMR = 1.2, on the basis of 330 observed deaths), than in building or ground constructors (SMR = 1.0, on the basis of 249 observed deaths) and in other workers (SMR = 1.0, on the basis of 216 observed deaths). No excess risk was observed for laryngeal cancer (SMR = 1.0, on the Similarly, no excess mortality from kidney cancer was found in asphalt workers (SMR = 0.8 95% CI 0.7-1.0, on the basis of 80 deaths observed). The results of this large study suggest, therefore, that asphalt workers had no excess of mortality from cancer of the respiratory and urinary tract. A subsequent analysis of the same cohort of asphalt workers, based on a semi-quantitative job-exposure matrix [64] , reported no excess mortality from lung cancer in workers exposed to bitumen fumes (SMR = 1.1), as well as in those exposed to coal tar (SMR = 1.1). Conversely, an excess mortality from lung cancer was found in workers exposed to diesel exhaust (SMR = 1.31).
Overall, the pooled RR for lung cancer was 1.21 (95% CI 0.95-1.55) in workers of tar distillation, 1.14 (95% CI 0.85-1.51) in those exposed to creosote, 1.51 (95% CI 1.28-1.78) in roofers and 1.14 (95% CI 1.07-1.22) in asphalt workers (Table 8) . With reference to bladder cancer, the pooled RR was 1.82 (95% CI 0.76-4.37) in workers of tar distillation, 1.57 (95% CI 0.96-2.56) in roofers and 1.02 (95% CI 0.85-1.23) in asphalt workers (Table 8) .
carbon black manufacture
Three papers are available on two cohorts of carbon black production workers [65] [66] [67] (Table 6) . A US study did not show any significant excess mortality from cancers of the respiratory system [65] . Conversely, an excess mortality from lung and bladder cancer was reported in an English study [66] , and was confirmed in a recent update of the same cohort [67] . The excess of mortality from lung cancer seemed limited, however, to two of the five plants considered [67] . Moreover, no relation was found with time since first employment, and internal analyses did not evidence any association with cumulative dose of exposure to carbon black.
Altogether, the data from two cohort studies of carbon black production reported 95 deaths from lung cancer versus 78.4 expected (SMR = 1.30, 95% CI 1.06-1.59, Table 8 ). However, the results from these two cohorts were not consistent.
carbon and graphite electrode manufacture
The main results from seven cohort studies that reported mortality in carbon electrode workers are given in Table 7 [ [68] [69] [70] [71] [72] [73] . After the revision by Boffetta et al. [8] , a historical cohort study was conducted on 1006 male workers employed for at least 1 year between 1945 and 1971 in an Italian plant, and followed-up for mortality between 1955 and 1996 [71] . With reference to specific cancer sites, 34 deaths from lung cancer were reported compared with 44.2 expected (SMR = 0.8, 95% CI 0.5-1.1), and seven deaths from bladder cancer compared to 6.7 expected (SMR = 1.0, 95% CI 0.4-2.1). Analyses of mortality by time since first employment showed a higher risk, although not significant, of lung cancer in subjects with A small cohort from Japan [72] was based on 322 male workers employed for more than 5 years in a man-made graphite electrode manufacturing plant in the period 1951-1974, and followed-up for mortality up to 1988. In that cohort, nine deaths from lung cancer were observed compared with 3.4 expected, corresponding to a SMR of 2.6 (95% CI 1.2-5.0). The excess risk was found in separate sub-period analysis. No deaths from bladder cancer were observed, and therefore no excess risk for any other neoplasm.
Another cohort study was conducted on 1291 males employed between 1950 and 1989 in a graphite electrode production plant of Val Camonica, northern Italy, and followed-up until the end of 1997 [73] . The Italian population was used as reference for the period 1950-1989 and the Lombardy population was used for the period 1990-1997. That study did not report any excess of mortality from cancer of the lung (SMR = 1.0) or of the bladder (SMR = 1.1). Analyses stratified by age at death, time since first employment and duration of employment did not show any consistent pattern either for lung or for bladder cancer.
The data of a retrospective cohort from China are also available [74] . That cohort included 6635 male workers employed for more than 15 years during the period 1970-1985 in seven factories, including the carbon plants and the pot room and carbon department in an aluminum reduction plant. An excess mortality from lung cancer was observed (50 deaths observed versus 23.1 expected, SMR = 2.16) with stronger excess in the highly exposed group (SMR = 4.3, based on 26 deaths observed). This data, however, included workers of carbon product manufacturing, along with those of other activities in the aluminum production, and cannot thus be included in a quantitative review of workers of carbon electrodes.
In seven cohort studies on workers of carbon electrode manufacture, 97 cancers of the lung were observed versus 101.6 expected (pooled RR = 1.00, 95% CI 0.82-1.23, Table 8 ); for all respiratory cancers, 126 cancers were reported versus 135.7 expected (pooled RR = 0.97, 95% CI 0.81-1.15, Table 8 and Figure 7 ). Observed deaths were 16 for bladder cancer versus (Table 8) .
chimney sweeps
Relatively few epidemiological studies have been conducted to quantify cancer risk among chimney sweeps. The largest cohort from Sweden [75] , as well as a few other small cohorts, reported an excess risk from lung cancer [76] [77] [78] .
No cohort study on chimney sweeps has been published since the review by Boffetta et al. [8] .
conclusions
The epidemiological data available on aluminum production workers, including more than 650 cancers of the lung and approximately 200 cancers of the bladder, indicate that there is no excess risk for cancer of the lung, but a modest excess risk for cancer of the bladder. The cause-effect inference, however, remains unclear, giving the small excess risk and the limited data on dose-and duration-risk relation [79] .
There is definite epidemiological evidence that coal gasification workers had high risks of respiratory and probably urinary neoplasms. Although these workers were mainly exposed to PAHs from coal tar, they may have been exposed to other contaminants, including heavy metals, silica and aromatic amines. Moreover, it is difficult to extrapolate indications from this kind of highly toxic production until 30-40 years ago.
Data also indicate an excess risk for lung cancer, but not for other neoplasms, in workers of coke production, mainly of coke oven. For this group of workers, there are also quantitative exposure-risk estimates, which suggest a dose-response relation with the cumulative dose of PAHs [1, 40] . A meta-analyses of 10 studies estimated a RR of 1.17 for an a priori defined unit of 100 lg/m 3 year of benzo[a]pyrene [80] . However, the comparability and validity of unit exposure measurements in various studies and populations remain open to discussion. In fact, only for a few cohorts a direct estimate of exposure was available. This criticism also applies to other industries and occupations considered in that meta-analysis, for which data are in any case more limited and inadequate for any inference of dose-and duration-relations.
Iron and steel foundry workers had an excess risk of cancers of the respiratory tract, particularly until the early 1970s, with a significant dose-risk relation [81] . Those workers, however, were exposed to various other known or potential carcinogenic substances, including several heavy metals, crystalline silica and asbestos. Therefore, it is questionable if the increased risk for respiratory cancers observed in these industries can be related to PAH exposure. The risk of bladder cancer was significantly increased in some studies, but there is no consistent epidemiological evidence on an excess risk.
Data on workers exposed to bitumen fumes, coal tar and related products are limited and do not suggest any increased risk for both respiratory and urinary tract cancers, with the exception of a modest excess risk for lung cancer in roofers. Similarly, data are too limited to draw any conclusion on the association between exposure to carbon black and cancer of the respiratory and urinary tract. Along this line, Monograph no. 93 of the IARC concluded that the epidemiological studies of carbon black provided inadequate evidence of carcinogenity [82, 83] .
No excess risk was observed for cancer of the respiratory and urinary system among carbon electrode workers [84] .
For some cancer sites and industries, including mainly lung and respiratory tract cancer for coal gasification and coke production workers, the results from various studies were significantly heterogeneous. This probably reflects variable exposure patterns across different cohort and time periods, and indicates that due caution is required to generalize these estimates.
Thus, the epidemiological evidence available to date confirms the existence of some excess risk for cancer of the lung in several PAH-related industries, with the exception of the aluminum and carbon electrode manufactures. The evidence for cancer of the bladder and of the urinary system is less consistent, with a modest increase in risk only for workers of aluminum production, coal gasification, iron and steel foundries. The excess risks observed were, however, modest for most industries (apart from coal gasification, which had an over two-fold increased risk), and whether such excesses are real or due at least partially to some bias or confounding cannot be completely ruled out. In particular, workers from the industries and occupations considered may have been exposed to other occupational carcinogens, as well as to tobacco smoking, which was not allowed for in most of the cohort studies considered. 
